Abstract: This study assessed changes in air temperature and rainfall during the growth of black locusts (Robinia pseudoacacia L.) in urban conditions in the city of Wroclaw based on pointer years. Materials consisted of 54 wooden discs taken from felled straight-trunked trees at a height of 1.3 m from the ground at four sampling sites in the area of a defunct garden established at the turn of the 20 th century. Meteorological indicators were calculated based on monthly data obtained from the Wroclaw meteorological station, part of the national atmospheric monitoring network. Tree ring widths were determined using LINTAB TM 6 and TSAP-Win software. A set of meteorological elements describing temperature and rainfall conditions during the growth of the black locusts significantly affecting the tree ring widths, were selected using cluster analysis. Pointer years were defined as the years when a unidirectional change (e.g. an increase) in tree ring width compared to a previous year was observed in at least 75% of the trees. In the multiannual period 1955-2014 we found seven pointer years, comprising three positive years (tree ring wider than in the year before) : 1986, 1989, 1996, and four negative years (tree ring narrower than in the year before) : 1963, 1983, 1990, 1991. The width of the tree rings were formed under the influence of different unique thermal and rainfall systems each year. Within the groups of positive and negative pointer years, individual months differed in the impact of air temperature and rainfall conditions on tree ring widths.
Introduction
The impact of natural and anthropogenic factors on the growth of tree species may be assessed by the dynamics of tree ring width variation in a multiannual period. However, the description of the general relationships between the environment and tree ring widths in urban conditions is difficult due to the climatic differences between cities (Cedro et al., 2011; Rashidi et al., 2012; Cedro & Nowak, 2015; Kalbarczyk & Ziemiańska, 2016) . In addition, the tree ring width is shaped not only by the natural aging trend, individual variability of the tree and anthropogenic factors, but also by meteorological conditions (Feliksik et al., 2007; Feliksik & Wilczyński, 2008; Kutnar & Kobler, 2013) which come as an entire set of simultaneous factors (García-Suárez et al., 2009 ). In addition, weather conditions may indirectly determine the variability of tree ring widths through their impact on the appearance, spreading and activity and herbivorous insects and parasitic fungi, as well as the occurrence of seed years (Okoński et al., 2014a) .
Due to this complexity, the relationship between the weather and tree ring widths is most clearly marked in years with extreme weather conditions (De Ridder et al., 2014) . The evaluation of the role of weather conditions in the growth of trees is based on the analysis of pointer years, i.e. when tree ring widths in all or most of the surveyed trees at a given site are greater or smaller than in the previous year (Cedro, 2012) . A pointer year may sometimes be the same for different species (Okoński et al., 2014b) , and its territorial range may cover not only a single site, but also a region or even an entire continent (Pourtahmasi et al., 2007; Bronisz et al., 2012; Rybníček et al., 2012; De Ridder et al., 2014) . Analysis based on pointer years makes it possible to evaluate the course of meteorological conditions in a given year, characterized by a unique combination of conditions, in contrast to statistical analyses that evaluate the relationship between weather and tree ring widths over a multi-year period (Wilczyński, 2004) . Therefore, the aim of this study was to use pointer years to determine changes in air temperature and rainfall during the growth of black locusts in urban conditions in the city of Wrocław.
Materials and methods
The research material was collected at the site of a former garden from the turn of the 20 th century in Pilczycka street (ɸ 51°08'27"N, λ 16°57'25"E, Hs = 116.3 m above sea level) in the northwestern part of Wroclaw (a city in south-western Poland). The discs cut from the black locust were obtained during a planned felling of the trees due to regrowth of the land. Analysis concerned 54 discs taken at a height of 1.3 m from the ground. The study used discs from stands selected according to the EKO strategy (Bronisz et al., 2012) . Before analyzing the width of the annual tree rings, the discs surfaces were dried and planed, and then filtered water was used to enhance the contrast between the rings. Measurements of tree ring widths were performed in duplicate on the East-West directions of bark to core and core to bark with the use of the LINTAB TM 6 and TSAP-Win software, to a precision of 0.01 mm. LINTAB TM is a standard tool used by other researchers for measuring the tree ring widths (Motta et al., 2009; Köse & Gűnter, 2012; De Ridder et al., 2014; Jansons et al., 2015; Sensuła et al., 2015) . The obtained biometric measurements for each of 54 trees in question served to determine individual sequences of tree ring widths, constituting a chronologically arranged series of tree ring widths, which were then assigned WP codes (with numbers from 1 to 54). The study did not include the last, incomplete tree rings from 2015, as the discs were obtained in late March and early April. Assessment of the correctness of the synchronization of annual and individual tree ring widths was conducted with the use of COFECHA software which tested each data series in relation to the established standard chronology and compared the Pearson's correlation coefficients (Holmes, 1986; Koprowski, 2006; Poljanšek et al., 2012) . Sequences that were the least similar to the standard pattern in the site included WP2, WP12, WP25, WP49, WP50, WP51 and WP53 were excluded from further analysis (Bijak, 2013) . ARSTAN software was used to create raw data chronology, indexed chronology by the elimination of the trend and long-term fluctuations, and highlighting the short-term variations, and residual chronology by removing autocorrelations from the series of tree ring indexes (Cook & Holmes, 1999; Poljanšek et al., 2012; Rybníček et al., 2012) .
Data on monthly air temperatures (Ta, °C) and rainfall levels (Rf, mm) in the period 1954 to 2014 were collected from the Wroclaw weather station (IMGW-PIB), part of the national atmospheric monitoring network.
The raw-data, indexed and residual chronologies of the black locust were described using basic statistical indicators: the arithmetic mean (x, mm), minimum (min, mm) and maximum (max, mm), standard deviation (sd, mm), coefficient of variation (V, %), autocorrelation coefficient (I°, rw) and Pearson's correlation coefficient determined for the linear trend. In addition, we calculated mean sensitivity (x s, mm) which describes the degree of difference between the consecutive values in a time series (Zielski, 1997) . We also established expressed population signal (EPS), a criterion for the fidelity with which a chronology constructed using increment widths from a sample of a population expresses the common environmental forcing in the whole population (Wigley et al., 1984) .
Cluster analysis was used to select a set of meteorological elements describing thermal (Ta) and rainfall (Rf) conditions during the growth of black locust, that is, from June of the year preceding the formation of the tree ring to September in the year of the tree ring formation. Thus selected period allowed to take into account the impact of the previous growing season and winter dormancy (Fritts, 1976) . Before analysis, all the input data were standardized in order to be able to compare the distributions of many variables and many groups, as well as to make the tested variables independent from the units of measure. Measurements were clustered with k-means non-hierarchical clustering. The optimal number of clusters was determined by a cross-validation v-test. The significance of differences between the clusters was evaluated based on the analysis of variance using Fisher's exact test at α ≤ 0.05.
We established pointer years with at least a 75% minimum threshold of compliance, which means that tree ring widths in most of the trees at the site were wider (positive year) or narrower (negative year) than in the previous year (Kędziora & Tomusiak, 2012) . We also determined the incidence of wider and narrower tree ring widths compared to the preceding year in the invidual sequences of black locusts by successive years of the analyzed multi-year period 1955-2014 in three classes: 50% (small change), from 50% to 75% (average change) and ≥ 75% (large change).
We also showed the temporal distribution of air temperature and rainfall in the period from June of the preceding year to September of the tree ring formation, and evaluated those meteorological elements against the multi-year period 1955-2014 for each pointer year, separately for positive and negative years. Months of the current year were labelled with consecutive Arabic numerals (1, 2 ... 9), and the number of months preceding the formation of the tree ring were additionally described by the letter p (6p, 7p...12p).
Results

Site chronology
Of the 54 analyzed black locust sequences, the two oldest sequences were 90 years old, which resulted in a site chronology (TRW) of 1925-2014 ( Fig. 1) . A large group of 29 sequences was aged 61-65 years, 18 samples were over 66 years old, and only 7 samples were aged no more than 50 years.
Tree ring widths in the raw data chronology 1925-2014 were very diverse, ranging from 1.06 mm to 8.42 mm (Fig. 2 , Table 1 ). The mean tree ring width for the raw-data chronology was 2.62 mm, standard deviation 1.59 mm, and the coefficient of variation ~61%. The average sensitivity was 0.14 mm and did not differ from the values determined for other site chronologies of deciduous tree species growing in this part of Europe (Bronisz et al., 2012; Jansons et al. 2015) . The EPS index for the raw-data chronology (TRW) was 0.95, higher than the minimum threshold shown by Wigley et al. (1984) .
The raw-data chronology time structure was characterized by a significantly negative age related trend, which meant that the year-on-year increases in tree ring widths were ever smaller (r = -0.79, α < 0.01), as well as a significantly positive first order autocorrelation coefficient (rp = 0.807, α < 0.01) ( Table 1 ). The raw-data chronology time series conversion into a standard chronology was accompanied by a removal of linear trend (r = 0.018, α > 0.1), while conversion into residual chronology was associated with the additional removal of first order autocorrelation (rp = 0.015, α > 0.1).
The impact of sets of temperature and rainfall conditions on tree ring widths
The distinguished 3 clusters in the period 1955-2014 allowed characterizing the sets of weather conditions which favored different widths in the raw-data chronology (Fig. 3) . The analysis of variance showed that all the examined variables describing the thermal and rainfall conditions during the growth of the black locusts significantly differentiated the established clusters (α ≤ 0.01). The highest values of Fisher exact tests were calculated for the air temperature in December of the year preceding formation of the tree rings, and then for the rainfall in February, and the air temperature in January (Table 2) . Therefore, these three meteorological indicators had the greatest influence on tree ring widths in the raw-data chronology. A slightly weaker influence on raw-data chronology, yet still x -average, x s -average sensitivity, min -the lowest value in the time series, max -the highest value in the time series, sd -standard deviation, v -coefficient of variation, r -correlation coefficient, *** -significant at α<0.01, ns -nonsignificant at α<0.1.
significant at α ≤ 0.01, was exerted by rainfall in April and July, and air temperature in February. Clusters 1 and 2 were characterized by raw-data chronology tree ring widths lower than for the entire group of studied trees; by 0.1 and 0.3 mm, respectively (Table 3) . Cluster 3, covering 20 years, clustered air temperature and rainfall accompanying the widest raw-data chronology average, exceeding the mean tree ring width of the raw-data chronology by about 0.4 mm, the raw-data chronology average being 1.9 mm in the years 1955-2014. Cluster 3, with the widest average annual tree ring widths, was characterized by above-average air temperature in December in the year preceding the formation of the ring, as well as moderate (compared to other clusters) air temperature in January and February. In addition, the wider tree ring widths correlated with below-average rainfall in February and above-average rainfall in April and July, which means that large rainfall in those months contributed to the increase in the raw-data chronology.
Pointer years
In the multi-year period 1955-2014, a period in which the number of trees analyzed was the same (47), we established pointer years. During the period of 60 years we identified only 7 pointer years, Fig. 1 . A comparison of dendrochronologically dated sequences of tree ring widths of black locusts. forming a site chronology with the WP code, arranged by age.
-sequences excluded from further statistical analysis which means that every 8-9 years tree ring widths in at least 75% of black locusts at the analyzed site in Wroclaw were wider or narrower when compared to the previous year (Fig. 4) . Of the 7 pointer years, 3 were positive (1986, 1989, 1996) , with wider rings in most of the trees, and 4 were negative (1963, 1983, 1990 and 1991) . The greatest agreement of results was shown for 1996, when ~87%, i.e. 40 out of the 47 analyzed trees, had greater tree ring widths than in the previous year (Fig. 4) . At a lower threshold of only ≥ 60%, the pointer years would rise in number to 23, including 9 positive and 14 negative years. describing the tree ring widths of the site chronology of black locusts with WP codes (TRW) for individual clusters (1, 2, 3). Ta -air temperature (1 -in January, 2 -in February, 12 -in December), Rf -rainfall (2 -in February, 4 -in April, 7 -in July), p -previous year SS -sum square error of between-group variation, Df SS -number of degrees of freedom for sum square error SS, SSE -sum square error of within-group variation, Df SSE -number of degrees of freedom for sum square error SSE, α -level of significance. Other symbols as in Fig. 3 .
Structure of year-on-year changes in incidence of tree ring widths and in temperature and rainfall conditions
In the individual years of the analyzed multi-annual period, the tree ring widths in 47 trees showed a diversity of changes compared to the preceding year (Fig. 5) . Approx. 52% of tree rings were narrower than in the preceding year compared to ~48% for the proportion of wider rings. Changes in tree ring widths compared to the previous year showed a certain diversity. The narrower tree rings were most frequently only slightly different (~43%), with the much lower incidence of moderate and large decreases (~5% and 4%, respectively). ~47% rings were slightly wider, while only ~1% moderately wider, and we recorded no large increases (i.e. those at least 75% greater than in the preceding year). During the established positive pointer years 1986 and 1989, in 73-75%, the tree ring increase in width was low, and only in ~2% were they moderate. In the pointer year 1996 ~87% of all trees saw small increases in tree ring widths compared to the preceding year. In the negative pointer years, the majority of trees had narrower rings than in the preceding year, albeit with certain differences. In these years, the most frequently observed changes were small (~45-58%), then intermediate (~11-20%) and large (9-13%).
In the years 1955-2014 the thermal and rainfall conditions in the study area were characterized by high variations (Fig. 6 ). Long-term average air temperature in the period from June of the year preceding the formation of the ring to September of the current year was 10. In the pointer years the temperature and rainfall conditions also varied. For instance, in 1986, in the 15-month period, the air temperature was 9.7°C and rainfall 943.5 mm, whereas in 1990 it was 11.6°C and 617.9 mm, respectively.
Thermal and rainfall conditions in the established pointer years
The air temperature in the period 1955-2014, in periods from June of the year preceding the formation of tree rings in black locust and September in the year of tree ring formation, ranged from -1.1°C in January to 18.5°C in July (Fig. 7ab) . In 3 positive pointer years : 1986, 1989, 1996 and in the years immediately preceding pointer years, the air temperature in June and November of the preceding year and in July of the ring formation was lower than normal , which means that wider rings correlated with lower temperatures. In negative 4 pointer years (1963, 1983, 1990 and 1991) , above-average air temperatures in August resulted in the formation of tree rings narrower than in the previous year. In the remaining months, the effect of air temperature was not clear, which means that the narrower rings were accompanied by both higher and lower temperatures than normal. For example, in 1963 narrower rings were formed at temperatures lower than the long-term average, while in 1990 at temperatures higher than the long-term average (for the period from December to March). TRW -tree ring widths in raw-data. Other symbols as in Fig. 3 . Fig. 4 . The incidence (>60%) of unidirectional changes in tree ring widths in the site chronology of black locusts with the WP codes. Positive ( ) and negative ( ) pointer years established for the multiannual period During the period of the growth of black locust (i.e. 15 months), the rainfall also showed some differentiation (Fig. 7cd) . The greatest sum of rainfall was 91 mm (July), the smallest was 26 mm (February). We found a greater number of regularities between raw-data chronology and rainfall than between raw-data chronology and thermal conditions. Years with rings wider than in the preceding years were preceded by above-average rainfall in June of the previous year (e.g. in 1996 it was even ~220% of normal) and below-average rainfall in July and October of the preceding year, and in February-March in the year of ring formation (e.g. in February 1986 it was only ~33% of the long-term average). During negative pointer years, the structure of rainfall was different than in the positive pointer years, since above-average rainfall was recorded in June of the year of ring formation (e.g. in 1983 as much as ~148% of longterm average), and below-average in July and during September-October of the previous year (e.g. in September 1983 only ~19% of long-term average), and in March and July-August period of the current year (e.g. in July 1963 only ~22% of long-term average).
Discussion
In Poland, few dendroclimatic and dendrometric studies have concerned the black locust (Feliksik et al., 2007; Stolarski et al., 2013; Klisz et al., 2014) . Such studies have also been rare in other countries, and it is difficult to compare them with our research due to differences in climate and location (Klašnja et al., 2000; Adamopoulos & Voulgaridis 2002; Motta et al., 2009; Adamopoulos et al., 2010) . The statistical indicators determined in our research (x, x w, min, max, sd, V), describing the site chronology of the black locust in Wroclaw, differed significantly from indicators for other site chronologies of deciduous trees in this part of Europe (Klašnja et al., 2000; Feliksik et al., 2007; Jansons et al., 2015) .
We showed a significant effect of air temperature (Ta12p, Ta1, Ta2) and rainfall (Rf2, Rf4, Rf7) on TRW. Such ambiguous reactions of tree ring widths to temperature during dormancy (from December of the previous year to February) may be directly associated with the specific predispositions of this species (non-native in Poland) and a wide range of tolerance to habitat and climatic conditions. Similar results were obtained by Feliksik et al. (2007) , who showed a significant influence of temperature and rainfall on tree ring widths, including air temperature in January-April (Ta1-4) and rainfall in July-August (Rf7-8). According to Feliksik et al. (2007) , cold winters and low temperatures in the first months of the year (January-April), and the low rainfall in summer, especially in June and July, are the factors that most strongly negatively influence the tree ring widths in black locust. Rainfall in February-April may have a long-term effect -the replenishment of water in the soil and higher groundwater level (Jaworski, 2004) . Spring replenishment of water allows plants to September -9), and in the years immediately preceding the pointer years (between June -6p to December -12p) on a multi-year period to tolerate periodic shortages of rainfall during the growing season. This has a direct relationship with the pace and quality of biochemical processes in the trees, as well as photosynthesis and the regulation of transpiration. Most likely, the impact of the July rainfall on increases in the tree ring widths of different tree species is very significant because of dwindling groundwater resources, which are already exhausted at this stage of the growing season. Therefore, in July the growth of trees often depends on the use of surface water coming from rainfall. July droughts adversely affected the length of the shoots and tree ring widths in the trees, and so high rainfall in July, amounting to 126% of normal, significantly positively influenced the annual growth of black locust in the years 1955-2014, and contributed to its proper growth. Literature gives various limits for pointer years, usually ranging from 60% to 90% of trees (Feliksik & Wilczyński 2004; Poljanšek et al., 2012) . The threshold value depends, among others, on the tree species, location, or the size of the tested sample (Wilczyński, 2004; Wilczyński & Szymański 2014) . Although the pointer year 1990 was also negative for oaks throughout Estonia (Sohar et al., 2014) , and the years 1963 and 1983 were also negative for common beech in north-eastern Poland (Koprowski, 2006) , pointer years rarely occur simultaneously in different species of trees, even under similar conditions. It sometimes happens that pointer years are different in the case of trees of the same species but growing at different sites (Bronisz et al., 2012) . The negative pointer years established by other scientists, e.g. 1963 and 1983 by Koprowski (2006) , based on the annual increase in tree ring widths in common beech in Poland, or 1990 by Sohar et al. (2014) for the tree ring widths of pedunculate oak in Estonia, were also heavily dependent on thermal and rainfall conditions, similar to our results for the years 1955-2014. Narrower rings of those tree species, formed in the years 1963, 1983 and 1990 , were determined by a very dry period of May-July, or June, which is similar to tree rings of black locust, affected by a very dry period of July-August (Fig. 7) . Those three pointer years established by others (1963, 1983 and 1990) , and 1991, were the years of deep droughts across almost the entire Poland (Łabędzki, 2007; Kalbarczyk, 2010) .
Conclusions
Site chronology of black locust growing in the urban conditions of the city of Wroclaw was characterized by a significantly negative senile trend (-0.54 mm/10 years, α ≤ 0.01), and its tree ring widths ranged from 1.06 mm (2006) to as much as 8.42 mm (1925) . Among the analyzed meteorological elements of thermal and rainfall conditions, tree ring widths were most influenced by air temperature in December in the year preceding the formation of rings (Ta12p), as well as January (Ta1) and February (Ta2), and by rainfall in February (Rf2), April (Rf4) and July (Rf7) of the year of ring formation. In the analyzed multiannual period, we established 7 pointer years, including three positive years (1986, 1989, 1996) and four negative years (1963, 1983, 1990, 1991) , which means that every 8-9 years tree ring widths in at least 75% of black locusts were wider or narrower when compared to the previous year. In the selected years pointer years, the courses of air temperature and rainfall varied and were different from the long-term structure. Within the groups of positive and negative pointer years, the individual months differed in the impact of changes in air temperature and rainfall conditions on tree ring widths. In pointer years, tree rings that were wider than in the previous year were formed by air temperatures (in months: Ta6p, Ta11p, Ta7) and rainfall (in months: Rf7p, Rf10p, Rf2 and Rf3) below long-term averages . Only rainfall in June (Rf6p) was higher than the long-term average.
